Reinwald S, Peterson RG, Allen MR, Burr DB. Skeletal changes associated with the onset of type 2 diabetes in the ZDF and ZDSD rodent models. Am J Physiol Endocrinol Metab 296: E765-E774, 2009. First published January 21, 2009 doi:10.1152/ajpendo.90937.2008The incidence and prevalence of type 2 diabetes (T2D) continue to escalate at an unprecedented rate in the United States, particularly among populations with high rates of obesity. The impact of T2D on bone mass, geometry, architecture, strength, and resistance to fracture has yet to be incontrovertibly characterized because of the complex and heterogeneous nature of this disease. This study utilized skeletally mature male diabetic rats of the commonly used Zucker diabetic fatty (ZDF) and Zucker diabetic Sprague-Dawley (ZDSD) strains as surrogate models to assess alterations in bone attributable to T2D-like states. After the animals were euthanized, bone data were collected using dual-energy X-ray absorptiometry, peripheral quantitative tomography, and micro-CT imaging modalities and via three-point bending or compression mechanical testing methods. ZDF and ZDSD diabetic rats exhibited lower bone mineral densities, which coincided with declines in structural strength and increased fragility at the femoral midshaft and the L 4 vertebral body in response to monotonic loading. Vertebral trabecular morphology was compromised in both diabetic rodent strains, and ZDSD diabetic rats exhibited additional phenotypic impairments to bone material properties at the spine. Because the metabolic origin of the T2D-like state that develops in the ZDSD rat strain is highly relevant to adult-onset diabetes, it is a particularly attractive novel model for future preclinical research. hyperglycemia; leptin; leptin receptor; Zucker diabetic fatty rat; Zucker diabetic Sprague-Dawley rat AN INCREASING PERCENTAGE of the adult population in the United States is afflicted with chronic health complications stemming from the development and progression of non-insulin-dependent diabetes mellitus or type 2 diabetes (T2D) (2, 43). T2D is a complex heterogeneous disease; it is clinically characterized by overt hyperglycemia, which commonly develops in response to perturbing metabolic challenges. Obesity resulting from the habitual consumption of excess calories combined with a sedentary lifestyle can initiate the type of metabolic dysregulation that ultimately exerts widespread deleterious effects on the entire body (3). A large body of published research in human subjects and animals has confirmed that the sequelae of hyperglycemia associated with maturity-onset T2D predict the possibility of pathophysiological effects on multiple organ systems, most commonly the renal, circulatory, and nervous systems. Data substantiating the potential for damaging effects of T2D on the skeleton are comparatively limited. Patients with T2D present with heterogeneous bone mineral densities (BMD) that may be low (25), similar (4, 44), or high (11, 28) relative to nondiabetic control subjects and the anatomic site examined (50). Furthermore, various clinical trials that have assessed the association between T2D and fracture risk have revealed disparate findings (26). A systematic review of the published data by Janghorbani et al. (26) and a meta-analysis by Vestergaard (54) examining the association between T2D and fracture risk concluded that there was a generally higher-than-expected fracture risk in T2D patients than in nondiabetic individuals. Aside from reduced visual acuity and neuropathy, which increase the potential for falls and increase the risk for fracture, the changes that occur within bone and augment fracture risk have not been entirely elucidated and require further investigation. However, the bone architectural and mechanical properties that coincide with T2D are particularly difficult to explore in human subjects.
AN INCREASING PERCENTAGE of the adult population in the United
States is afflicted with chronic health complications stemming from the development and progression of non-insulin-dependent diabetes mellitus or type 2 diabetes (T2D) (2, 43) . T2D is a complex heterogeneous disease; it is clinically characterized by overt hyperglycemia, which commonly develops in response to perturbing metabolic challenges. Obesity resulting from the habitual consumption of excess calories combined with a sedentary lifestyle can initiate the type of metabolic dysregulation that ultimately exerts widespread deleterious effects on the entire body (3) . A large body of published research in human subjects and animals has confirmed that the sequelae of hyperglycemia associated with maturity-onset T2D predict the possibility of pathophysiological effects on multiple organ systems, most commonly the renal, circulatory, and nervous systems. Data substantiating the potential for damaging effects of T2D on the skeleton are comparatively limited. Patients with T2D present with heterogeneous bone mineral densities (BMD) that may be low (25) , similar (4, 44) , or high (11, 28) relative to nondiabetic control subjects and the anatomic site examined (50) . Furthermore, various clinical trials that have assessed the association between T2D and fracture risk have revealed disparate findings (26) . A systematic review of the published data by Janghorbani et al. (26) and a meta-analysis by Vestergaard (54) examining the association between T2D and fracture risk concluded that there was a generally higher-than-expected fracture risk in T2D patients than in nondiabetic individuals. Aside from reduced visual acuity and neuropathy, which increase the potential for falls and increase the risk for fracture, the changes that occur within bone and augment fracture risk have not been entirely elucidated and require further investigation. However, the bone architectural and mechanical properties that coincide with T2D are particularly difficult to explore in human subjects.
The effects of a diabetic-like condition on the bones of laboratory animals have been investigated in experiments that utilized various rodent models of diabetes, including 1) those that have been experimentally induced to develop a diabetic state [e.g., chemical treatment with a toxin, such as streptozotocin (STZ) or alloxan, or lesion at the hypothalamus] and 2) genetic and spontaneous models that undergo a dynamic period of disease progression (e.g., a leptin structural gene or leptin receptor defect). The male Zucker diabetic fatty (ZDF) fa/fa rat spontaneously develops a T2D-like condition as a result of a congenital leptin receptor mutation, obesity, and a relative insufficiency of insulin attributable to an inadequate compensatory response from pancreatic ␤-cells (21) . Research related to the effects of leptin on bone has yielded inconsistent results, such that the absence of leptin signaling in rodents has been shown to increase (12, 46) , decrease (47) , and not change (52) bone mass. Because data pertaining to bone architectural changes and the effects of overt hyperglycemia on bone biomechanical strength in these animal models are limited, further investigation is warranted.
The general characteristics of the ZDF rats have been documented previously (34, 35) . Briefly, ZDF fa/fa rats are homozygous for the Glu 269 3 Pro 269 amino acid substitution resulting in a leptin receptor (Lep fa ) mutation (32) . The autosomal recessive nature of this genetic defect rapidly affects male rats, which become obese on the Purina 5008 diet (16.7% kcal fat). Male ZDF fa/fa rats also exhibit hyperlipidemia, early hyperinsulinemia, and persistent hyperglycemia by ϳ12 wk of age.
There are sex-related dissimilarities in the onset of this condition in ZDF fa/fa rats because of the less favorable lipid profile that develops more readily in males than in identically treated females (9) . ZDF fa/ϩ rats of both sexes are lean heterozygotes, rendering them genetically similar in all respects, with the exception of the absence of the fa trait encoded on the second allele of the leptin receptor gene and the associated predisposition to become hyperphagic and obese and develop a range of diabeticlike symptoms. ZDF fa/ϩ lean rats are considered effective controls for the ZDF fa/fa genotype. Although congenital leptin receptor defects are relatively rare in humans (16) , ZDF rats rendered leptin insensitive due to a leptin receptor loss-of-function mutation are useful as a model of pseudoleptin resistance and T2D.
Given that the onset of a T2D-like condition is quite rapid in ZDF rats compared with the more gradual onset in humans, the extent of this model's relevance in terms of simulating and predicting the types of bone changes humans might experience remains unclear. In light of such issues in bone and other organs, a new rodent strain, the Zucker diabetic SpragueDawley (ZDSD) rat, which may provide a more relevant animal model of T2D, was recently developed. ZDSD rats gradually develop a T2D-like condition in response to chronic dietary manipulation and their genetic predisposition to dietary-induced obesity (DIO). The key factors responsible for the onset and progression of a T2D-like condition in ZDSD rats may more closely resemble those factors that contribute to the manifestation of T2D in humans. ZDSD rats were developed by cross-breeding DIO rats derived from the Charles River Laboratory:CD (Sprague-Dawley-derived) strain with ZDF fa/ϩ lean rats. DIO rats exhibit insulin resistance and polygenetic obesity traits that can be manipulated by dietary regulation. Selective inbreeding produces ZDSD rats with an obese phenotype and the potential to develop overt hyperglycemia between ϳ15 and 21 wk of age. ZDSD rats do not possess any leptin or leptin receptor defects and tend to deteriorate physically in response to chronic metabolic dysfunction. Consequently, the etiology of a T2D-like condition in this newly developed rodent model should better simulate human adultonset diabetes, which develops over time and largely in response to chronic overeating combined with low levels of physical activity. A very similar T2D rat model (UCD-T2DM) with comparable characteristics to the ZDSD rats has also been developed (10) .
The aim of this experiment was to focus on the effects of a T2D-like condition on bone density, bone geometry, trabecular architecture, and biomechanical properties at an axial and appendicular site in these two different diabetic rodent strains comprising 33-wk-old male ZDF rats and age-matched ZDSD diabetic rats and their respective nondiabetic controls.
MATERIALS AND METHODS

Animals.
Two different strains of male rats were used for this experiment: ZDF rats (n ϭ 24) and ZDSD rats (n ϭ 29). Of the ZDF rats, 12 were homozygous for a leptin receptor mutation (i.e., fa/fa) and exhibited a diabetic phenotype. The remaining 12 ZDF rats were heterozygous for the same allele mutation (fa/ϩ); they were not overtly diabetic and served as controls. CD rats, representing one of the parental strains from which the ZDSD rats were developed, were used in this study as a normoglycemic control (referred to as ZDSD controls) for the hyperglycemic ZDSD rats. Seventeen of the ZDSD rats were diabetic and 12 were nondiabetic ZDSD controls. ZDF rats were acquired at ϳ21 wk of age and were given free access to food (Purina 5008) and drinking water for 12 wk until they were euthanized at 33 wk of age. ZDSD/Pco rats were bred onsite at PreClinOmics and were maintained until 33 wk of age on the same dietary regimen used for ZDF rats. All animals were housed under standard laboratory conditions with a 12:12-h light-dark cycle and a controlled room temperature (20 -21°C) . The protocol and all procedures were approved by the Institutional Animal Care and Use Committee of PreClinOmics and Indiana University School of Medicine. On the day before they were killed, the rats were put on urine collection racks for collection of 24-h urine; the animals had free access to food and water. Following removal from the urine collection racks, the animals were bled from the tail vein through a nick in the skin for terminal blood analysis. The rats were killed by CO 2 anesthesia. All rats were weighed at the time of death. During necropsy, organ weights were recorded for a subset of animals.
Dual-energy X-ray absorptiometry. Excised femurs and L 4 vertebrae were scanned using a PIXImus II small animal densitometer (Lunar, GE Medical Systems) for measurement of areal BMD (aBMD, g/cm 2 ), bone mineral content (BMC, g), and bone area (cm 2 ). L4 vertebrae (without the posterior processes) were scanned in two orientations: posterior side down for whole bone measures and then caudal side down to determine the cross-sectional area (CSA, cm 2 ) for normalization of mechanical properties. Femoral midshaft analyses were conducted on the central 5.5 mm of the bone.
Peripheral quantitative CT. Excised femurs were scanned via peripheral quantitative CT (pQCT) using an XCT Research SAϩ machine (Norland-Stratec Medical Systems). A single 0.5-mm slice of bone at the diaphyseal midpoint was scanned at the minimal voxel size (70 m), and the following variables were assessed: volumetric BMD (vBMD, mg/cm 3 ) and BMC (mg/mm), total bone area (T.Ar, mm 2 ), cortical area (Ct.Ar, mm 2 ), cortical thickness (Ct.Th, mm), periosteal circumference (Ps.C, mm), endosteal circumference (Es.C, mm), polar moment of inertia (Ip, mm 4 ) , and cross-sectional moment of inertia perpendicular to the axis of mechanical testing (Iy, mm 4 ). Micro-CT. Trabecular bone properties of the L4 vertebra were assessed using a high-resolution micro-CT imaging system (model CT40, Scanco Medical, Basserdorf, Switzerland). A 2.4-mm region, directly beneath the cranial growth plate (200 slices), was scanned at 12-m resolution. Images were segmented ( ϭ 0.8, support ϭ 1 pixel) and thresholded using standard scanner software. Since the ZDF and ZDSD groups were not to be directly compared, separate thresholds were used for each strain to optimize images: ZDF rats were thresholded at 38.0% of the gray-scale value and ZDSD rats at 34.0%. Outcome parameters of trabecular bone included bone volume (BV) fraction [BV/TV (where TV is tissue volume), %], BV (mm 3 ), TV (mm 3 ), trabecular number (Tb.N, mm Ϫ1 ), trabecular thickness (Tb.Th, mm), trabecular separation (Tb.Sp, mm), connectivity density (Conn.D, mm Ϫ3 ), and structural model index (SMI). Biomechanical testing. Femoral middiaphyseal mechanical properties were measured via a three-point bending test using standard methods. Briefly, bones were equilibrated to room temperature and placed posterior side down on the bottom support (19 mm span) of a servohydraulic test system (858 Mini Bionix II, MTS Systems, Cary, NC). Bones were loaded centrally using a cross-head speed of 2 mm/min, and force vs. displacement data were collected at 10 Hz. Structural properties included yield load (defined using a 2% offset parallel to the linear elastic region of the force-displacement curve), ultimate load (maximum load during the test), failure load (load at which fracture occurred), stiffness (slope of the linear portion of the load-displacement curve), preyield energy (area under the load-displacement curve up to yield), energy to failure (area under the load-displacement curve to fracture), and postyield energy (difference between energy to failure and preyield energy).
To determine material bone properties (ultimate stress, modulus, ultimate strain, and modulus of toughness), force-displacement data were converted to stress-strain data using standard beam bending equations (51) . L 4 vertebral bodies were prepared for mechanical testing by removal of the posterior processes and both end plates to provide a flat parallel surface for stability during compression loading to failure (0.5 mm/min). The load-displacement data were used to directly measure the structural properties similar to those of the femoral diaphysis. Material properties (ultimate stress, modulus, ultimate strain, and modulus of toughness) were calculated using standard equations (51), and values were normalized for trabecular bone volume (from micro-CT), CSA (from DXA), and height (measured craniocaudally using digital calipers).
Biochemical methods. Blood and urine samples were collected at the time of death to enable a number of biochemical assays on a representative subset of six rats per group to confirm the relative state of the T2D-like condition. Blood and urine were analyzed using various methods. Glucose, triglycerides, cholesterol (total, HDL, and LDL), creatinine, and glycated hemoglobin (HbA 1c) were analyzed on a Beckman CX4 clinical analyzer with standard Beckman chemistries. Free fatty acids (FFAs) were measured using an FFA kit (catalog no. 990-75401, Wako Chemicals, Richmond, VA). Peptides were analyzed with ELISA kits, insulin with an Alpco-Mercodia kit (catalog no. 08-10-1137-99), leptin with Alpco 22-LEPMS-E01, and urinary microalbumin with Exocell Nephrat II NR002.
Statistical analyses. Statistical analyses were performed with SAS software version 9.1 for Windows (SAS Institute, Cary, NC). Values are means Ϯ SE. Two-sided comparisons were made between diabetic and nondiabetic rats within each individual strain (i.e., ZDF fa/fa vs. ZDF fa/ϩ rats and ZDSD diabetic rats vs. ZDSD controls). Independent group t-tests were used to compare means of the same variable between two groups when data met the requirements of equal variance (Levene's test) and normal distribution (Shapiro-Wilk test). Satterthwaite's t-test was used when variances were not equal. The Wilcoxon Mann-Whitney two-sided test was used to evaluate differences in the event that data did not approximate a normal distribution. P Ͻ 0.05 was considered significant.
RESULTS
Animal body, tissue, and organ weights.
Compared with the nondiabetic controls, the lower terminal body weights of the diabetic rats were significant for the ZDF (13%), but not the ZDSD, rats (Table 1) . Organ weights were collected for the pancreas, liver, and kidneys of a subgroup of rats from each group. For comparative purposes, these data, in addition to the tissue weight of the epididymal fat pads, were normalized to body weight for diabetic vs. nondiabetic rats within each strain. Kidney and liver weights were markedly elevated in the diabetic rats of both strains vs. their respective controls. Pancreatic weight was higher for the ZDSD, but not the ZDF, strain. The weight of the epididymal fat depot was increased in the ZDF diabetic rats vs. controls, whereas there was a decrease in this fat deposit among rats of the ZDSD strain.
Biochemical parameters of diabetes. Diabetic status was confirmed in the rats via measurement of a number of biochemical parameters that are utilized in the clinical screening, diagnosis, and/or monitoring of diabetic conditions in patients ( Table 1 ). The overall indication was that a diabetic-like condition was evident in the rats assigned to the diabetic groups and did not manifest in the control groups. Rats classified as diabetic exhibited dramatically elevated levels of blood glucose ( Fig. 1 .) High circulating glucose levels were instrumental in elevating the percentage of HbA1c in ZDF and ZDSD diabetic strains. HbA1c is one of the most important indicators of the degree of severity of diabetes in humans, inasmuch as it provides an average measure of ambient blood glucose exposure over the lifetime of red blood cells. In contrast to on-the-spot glucose tests, HbA1c is less prone to erratic fluctuations.
Perturbation of lipid metabolism in diabetic ZDSD and ZDF rats was predominantly demonstrated by increased Values are means Ϯ SE (n ϭ 6 unless otherwise noted). ZDF, Zucker diabetic fatty; ZDSD, Zucker diabetic Sprague-Dawley; HbA1c, glycated hemoglobin; FFA, free fatty acid. *Charles River Laboratory:CD rats were used as one of the parent strains to develop the ZDSD rats. †n ϭ 5. ‡n ϭ 5; 1 sample that was below the detectable limit of Ͻ0.125 was excluded.
circulating triglycerides, higher levels of FFAs, and cholesterol increases compared with controls. A diabetic condition did not alter the LDL status of cholesterol in either strain of diabetic rats; however, it did increase the HDL fraction in both strains.
Diabetic rats exhibited polydipsia and polyuria, and when urinary albumin levels were normalized by urinary creatinine, the ratio was significantly increased in hyperglycemic rats. Urinary albumin concentration is dependent on hydration status and is lower in states of adequate hydration. In the early stages of kidney disease, albumin concentrations in the urine increase. Urinary creatinine is usually relatively stable from day to day and mainly reflects the amount of muscle tissue in the body. ZDF lean controls, in which the leptin receptor functions normally and signaling is effectively transduced, exhibited 43% lower plasma insulin levels than ZDF diabetic rats, in which circulating leptin levels were elevated more than twofold in relation to ZDF controls. In the ZDSD diabetic rats, which do not exhibit leptin receptor defects, mean leptin levels were substantially decreased (15-fold) and insulin levels were diminished by 70% compared with nondiabetic controls.
DXA imaging. DXA data (Table 2 ) revealed highly significant reductions in all the aBMD, BMC, and projected area measurements of the whole femur, femoral midshaft, and L 4 vertebra in diabetic ZDF rats vs. ZDF lean controls. The number of differences in DXA-generated measurements was almost as extensive among the diabetic ZDSD and ZDSD control rats as between ZDF diabetic and nondiabetic rats. The aBMD of L 4 vertebra was significantly lower for the ZDSD diabetic rats than for the nondiabetic controls, despite the lack of a significant difference in the projected area of the vertebra. The lower BMC values for the femoral bones of ZDSD diabetic rats did not, however, significantly decrease aBMD after correction for the projected area.
pQCT and geometric measurements. The ZDF fa/fa rats exhibited a short bone phenotype at the appendicular site, with mean reductions of 10.7% in femur length compared with ZDF lean controls (Table 3) . Bone geometry was markedly compromised for the ZDF diabetic vs. ZDF lean rats, with mean decreases of 13.2% for femoral Ps.C, as well as 26.6% for Ct.Th, 24.7% for Ct.Ar, and 15.8% for T.Ar. There were also discernable differences attributable to diabetic status among the ZDSD rats in terms of femoral bone geometry, with mean decreases of 4.8% for Ps.C, 11.5% for Ct.Th, 13.8% for Ct.Ar, and 9% for T.Ar. Es.C at the femoral midshaft was not affected by chronic hyperglycemia in either rat strain. Similar to the diabetic ZDF rats, femoral bone length compared with controls was reduced in the diabetic ZDSD rats, although only by 4.1%.
A diabetic condition impaired cortical vBMD and BMC at the midshaft of the femur to a highly significant extent in the ZDF and ZDSD rat models of diabetes compared with their respective controls. The pQCT-derived geometric indexes of bone strength, polar moment of inertia and cross-sectional moment of inertia perpendicular to the axis of mechanical testing, also appreciably diminished in response to the progression of diabetes in both rat strains.
Three-point bending of the femur. During three-point bending tests, the femurs were mechanically loaded at the diaphyseal midpoint scanned by pQCT. The ultimate load in diabetic rats was reduced in the ZDF and ZDSD strains (Table 4 ). Under our test conditions, the femurs of the ZDF and ZDSD diabetic rats were only able to endure 69.8% and 80.5% of the respective ultimate load withstood by their nondiabetic counterparts. For the ZDF rats, all the femoral mechanical structural properties measured, with the exception of energy to yield, were highly significantly decreased in the presence of diabetes. Besides ultimate load, the mean percent parameter reductions for the ZDF fa/fa rats were as follows: 43% for yield force, 32% for failure load, 39% for stiffness, 36% for energy to failure, and 37% for postyield energy to failure.
ZDSD diabetic rats also exhibited significantly impaired femoral cortical bone strength. Only postyield energy to failure and energy to failure were not different between ZDSD diabetic rats and ZDSD controls. The average decreases for these parameters for ZDSD diabetic rats were as follows: 34% for yield force, 24% for failure load, 15% for stiffness, and 44% for energy to yield. *Significant difference between diabetic and nondiabetic rats. A: ■, blood glucose for a subset of Zucker diabetic Sprague-Dawley (ZDSD) diabetic rats (n ϭ 6 at 7-29 wk of age, n ϭ 4 at 31 wk of age, n ϭ 2 at 33 wk of age); ᮀ, blood glucose for 6 ZDSD controls; shaded area, historical serum glucose range obtained by Charles River Laboratories from 146 CD rats (i.e., the same strain as the nondiabetic controls) (18) . B: blood glucose for Zucker diabetic fatty (ZDF) diabetic (ZDF fa/fa ) and nondiabetic (ZDF fa/ϩ ) rats (n ϭ 6/group).
When femur size and geometry were factored out of the biomechanical test results by conversion of the load-deformation data to a stress-strain curve to measure apparent material properties, no parameters were determined to be significantly affected as a result of a diabetic condition in ZDF or ZDSD rats. However, ZDSD diabetic rats did exhibit a trend for decreased (37.8%) preyield toughness compared with ZDSD controls.
Micro-CT imaging of cancellous bone. Micro-CT at the level of the secondary spongiosa in the cranial region of the L 4 vertebra revealed numerous significant differences in trabecular bone parameters between diabetic and nondiabetic rats of each strain (Table 5) . Comparisons among the two ZDF rat groups exposed multiple deficits attributable to the diabetic phenotype, including mean percent reductions in BV/TV (31%) and Tb.Th (27%). Connectivity density and SMI were significantly increased in ZDF fa/fa rats vs. lean controls. BV/TV of the diabetic ZDSD rats was diminished by Ͼ45% compared with ZDSD controls. Tb.Th was decreased by an average of 19.4%, but this did not affect Conn.D in the same way as in the ZDF diabetic rats. However, it did alter the architecture of the trabeculae considerably by significantly increasing SMI so that trabecular structures became more rodlike.
Compression loading of the L 4 vertebral body. Structural properties deteriorated for diabetic ZDF rats vs. ZDF lean controls, with average decreases in yield force (43%) ultimate load (53%), stiffness (61%), energy to ultimate load (56%), and postyield energy (66%; Table 6 ). Structural strength parameters of the vertebral body for the ZDSD diabetic vs. nondiabetic controls were also adversely affected, with average decreases for yield force (35%) ultimate load (38%), stiffness (54%), energy to ultimate load (36%), and postyield energy (61%).
Of the material properties assessed, ultimate stress was reduced by 23% in diabetic ZDF rats vs. lean controls and by 26% in ZDSD rats vs. controls. Vertebral elastic modulus was decreased by 45% in ZDSD diabetic rats and demonstrated a trend toward being compromised as it decreased 42% (P ϭ 0.0506) in the ZDF diabetic phenotype. The material toughness of the vertebral body was also on the verge of being significantly decreased (22.9%, P ϭ .0505) in ZDSD rats with hyperglycemia compared with ZDSD controls. Values are means Ϯ SE. DXA, dual-energy X-ray absorptiometry; BMD, bone mineral density; BMC, bone mineral content. Scanning orientation of vertebral body is the dorsal aspect resting on the imaging stage. *Charles River Laboratory:CD rats was used as one of the parent strains to develop the ZDSD rats. Values are means Ϯ SE. pQCT, peripheral quantitative CT; Ps.C, periosteal circumference; Es.C, endosteal circumference; Ct.Th, cortical thickness; T.Ar, total area; Ct.Ar, cortical area; Ip, polar moment of inertia; Iy, cross-sectional moment of inertia perpendicular to axis of mechanical testing; vBMD, volumetric BMD. *Charles River Laboratory:CD rats were used as one of the parent strains to develop the ZDSD rats.
DISCUSSION
Overt hyperglycemia developed in susceptible phenotypes from the ZDF and ZDSD rat strains. As a result of the progression of a T2D-like state, alterations in bone size, geometry, architecture, and mineral density impacted the fragility of excised femoral and vertebral bones under monotonic loading. The adverse effects on bone fragility attributable to diabetes in ZDF rats were in part impacted by significant growth impairment (i.e., reduced body mass, femoral length, and vertebral height and area). Because of the congenital defect in leptin receptor function, the human relevance of the types of structural changes detected in ZDF fa/fa rats are more difficult to reconcile with the effects of the onset and progression of T2D in skeletally mature human subjects. The significant increase in the fragility of the femoral midshaft and L 4 vertebra of the diabetic ZDSD rats vs. ZDSD controls is less attributable to any growth impairment. As a result, the ZDSD diabetic rats may reflect changes that are more consistent with the types of osteopenic changes that might be imposed by maturity-onset T2D.
The significance of the large reductions in femoral bone size, middiaphyseal total and cortical area, and middiaphyseal periosteal circumference underlies the reduced cross-sectional moment of inertia of the middiaphyseal region. These decrements in bone size and geometry alone are expected to contribute substantially to the diminished structural properties of the femur during three-point bending tests. In fact, the ultimate load and failure load in ZDF fa/fa femurs were only 68% and 70%, respectively, of the values in controls. Similar to our results, Mathey et al. (29) revealed a comparable decrease in femoral length, a decrease in aBMD, and a femoral failure load that was 90% of that in controls during three-point bending in male ZDF fa/fa diabetic rats vs. ZDF ϩ/ϩ homozygous controls. Prisby et al. (37) observed a significant reduction in the femoral and tibial length of male ZDF fa/fa vs. ZDF ϩ/? rats at 7, 13, and 20 wk of age. Furthermore, femur midshaft BMD (mg/cm 3 ) was also significantly decreased compared with control rats at 13 and 20 wk of age. The ultimate load of the femur was only adversely affected (81.2% of that of controls) when the rats reached 20 wk of age.
The skeleton of the rat is generally not considered mature before ϳ16 wk of age (23), when a marked slowdown in weight gain (17) , bone modeling, and longitudinal growth becomes evident (20) . On the basis of blood glucose (34) and Values are means Ϯ SE. *Charles River Laboratory:CD rats were used as one of the parent strains to develop the ZDSD rats. Values are means Ϯ SE for male rats (33 wk old). BV/TV, bone volume (BV) fraction (where TV is tissue volume); Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation Conn.D, connectivity density; SMI, structural model index. *Thresholded at 38% of maximal gray-scale value. †Thresholded at 34% of maximal gray-scale value. ‡200 slices distal to the cranial growth plate at medium resolution (12 m). §Charles River Laboratory:CD rats were used as one of the parent strains to develop the ZDSD rats.
insulin (42) data that characterize the diabetic ZDF rat at a young age, it may be reasonable to conclude that the short bone phenotype and the less biomechanically advantageous geometry of the femur and vertebral body in male ZDF fa/fa rats may, to a large extent, be related to 1) the early prediabetic state that begins to manifest during adolescence (7-8 wk of age) as a result of the congenital leptin receptor loss of function and 2) the frank diabetic-like condition that develops as early as 10 -12 wk of age. Previous studies have also demonstrated evidence of leptin's potential to influence bone size in leptindeficient mice (45) , and similar observations have been made in rare cases in which children possess congenital leptin receptor deficiencies (16) .
In general, a much smaller femoral bone with a less advantageous moment of inertia at the midshaft, even in the absence of a reduced BMD, is likely to be less strong and less stiff and require less energy to fail in bending. In fact, when three-point bending data were normalized for size and geometry to generate measures of femoral material strength, the data for diabetic rats revealed no statistically significant differences for either strain, thus confirming the influential nature of the amount of bone and its distribution on the overall strength in the appendicular skeleton. The trend (P ϭ 0.0564) for a decline in femoral preyield toughness in the ZDSD diabetic rats suggests that the bone mineral itself was showing signs of becoming less efficient at dissipating energy.
The progression of diabetic symptoms in rats has been shown to impair bone biomechanical properties. Similar to the end-point changes observed in our diabetic rats, spontaneously diabetic nonobese male WBN/Kob rats vs. Wistar (nondiabetic) controls exhibited declines in the structural mechanical properties of stiffness, ultimate load, and energy absorption (40) . Reddy et al. (38) demonstrated that femoral and tibial ultimate loads were decreased by Ͼ30%, bending stiffness was increased, and energy absorption to yield and toughness were impaired by Ͼ25% in the femur and tibia of 10-wk-old Sprague-Dawley rats treated with STZ for 7 wk. Einhorn et al. (14) examined the mechanical properties of the femur under torsional loading in male Lewis rats that had been treated with STZ to develop chronic experimental diabetes. Bone strength parameters (i.e., torsional strength and energy absorption) markedly decreased; however, the material stiffness increase identified in the STZ-induced diabetic rats was not observed among the ZDF and ZDSD diabetic rats in our study at any site, likely because of the substantial decrease in bone mass compared with nondiabetic controls.
Overall, data from a number of other studies are somewhat difficult to compare with our results because of the vastly different metabolic dynamics in rats chemically induced to become diabetic. STZ-and alloxan-treated rats suddenly become hyperglycemic in the presence of abrupt insulinopenia (39) because of the toxic effects of the diabetogenic drugs. This type of diabetes is more analogous to type 1 diabetes, because it negates the cascade of metabolic dysregulation that is so integral to the development of T2D and the initial hyperinsulinemia. ZDF fa/fa rats (41) and ZDSD diabetic rats (10) become hyperglycemic while initially hyperinsulinemic and then remain hyperglycemic while, for the most part, normoinsulinemic before they succumb to the physical deterioration that leads to insulinopenia. The differences between hyperinsulinemic and insulinopenic rodent models may be substantial (50) because insulin is associated with direct and indirect anabolic effects on the skeleton. It has been observed that T2D patients usually present with insulin levels comparable to those of nondiabetic individuals, it is just that these levels are relatively ineffective at compensating for sustained high glucose levels (49) .
The three-dimensional microstructure of the trabeculae facilitates the distribution of applied forces, making an important contribution to the capacity of each vertebra to withstand loads and resist fracture. The decrease in BV/TV and Tb.Th in diabetic rats corresponded with the impaired vertebral bone strength relative to that in nondiabetic control rats. Increased resorptive activity at this site in the ZDF fa/fa rats could explain Values are means ϮSE. CSA, cross-sectional area. Some of the vertebral samples were inadvertently compromised as a result of movement in the fixture used for end plate removal. Because specimens that were not cut planoparallel were eliminated from this test, n was reduced for some groups of biomechanically tested vertebral specimens. *Charles River Laboratory:CD rats were used as one of the parent strains to develop the ZDSD rats. the significant alteration in trabecular topology characterized by the increase in Conn.D. Fenestration of interposing trabecular plates transforms trabeculae into progressively more fragile rodlike structures, as evidenced by the increase in the SMI. An increase in trabecular Conn.D coinciding with a significant increase in SMI has been described previously for a minipig model of osteopenia during the earlier stages of vertebral bone loss (8) and in transilial biopsies of transmenopausal women (1) . As osteopenia advances and perforations result in disconnection of the trabecular elements, Conn.D will naturally decline. ZDSD diabetic rats displayed similar morphological and topological decrements in vertebral trabeculae, although the increase in Conn.D was not significant compared with controls. The mechanical properties of the L 4 vertebra appeared to be more adversely affected by compressive loading in ZDSD diabetic rats vs. ZDSD controls than in ZDF rats vs. nondiabetic controls.
The vertebral specimens that were mechanically tested in axial compression differed from the femoral midshaft, in that cortical and trabecular bone were directly subjected to loading. Significant decreases in vertebral dimensions, including height and area, likely influenced the decrease in structural strength to some extent in ZDF fa/fa rats; this situation did not apply to the ZDSD rats, in which the vertebral dimensions were comparable to controls. Extrinsic strength parameters measured in diabetic rats of both strains, with the exception of preyield energy and postyield displacement, were greatly decreased. Material (tissue) strength and modulus were also compromised in ZDF diabetic rats. Deteriorations in ultimate stress and elastic modulus were also evident in the ZDSD diabetic rats, and vertebral toughness was marginally reduced (P ϭ 0.0505), albeit in the absence of a significant decrease in postyield toughness and postyield strain.
Chronic hyperglycemia has been implicated in the formation of advanced glycation end products (AGEs), which arise as a result of the increased availability of glucose. AGEs are a heterogeneous group of molecules formed via the nonenzymatic reaction of reducing sugars with free amino groups in proteins, lipids, and nucleic acids (33) . Chronically elevated blood glucose concentrations accelerate the ordinarily slow rate of endogenous glycation and AGEs. The native structure and function of affected tissues become irreversibly altered by the accumulation of adventitious dysfunctional covalent crosslinks, which are significant pathogenic mediators of almost all diabetes complications (33) . Blood glucose and hemoglobin (HbA1c) data for the diabetic rats in this study attest to the increase in glycation in hyperglycemic animals of both strains compared with controls.
A component of fracture risk unexplained by bone density in T2D patients (27, 57) may be attributable to accumulated AGEs causing a stiffening of collagen fibrils and an increase in overall brittleness of the bone matrix (48) . An inverse correlation between AGEs and bone toughness has been established in human bone and in bovine cortical bone specimens subjected to in vitro ribosylation (53, 56) . Increased levels of the AGE pentosidine are implicated in the propensity for vertebral fracture in T2D patients (24, 58) and increased fragility of diabetic rodent bones (40) . ZDSD diabetic rats exhibited a decline in the material toughness of vertebral bone that was, on average, Ͼ25% and was marginally significant (P ϭ 0.0505). Our data also showed that the combined pre-and postyield bone toughness deficit represents an underlying decrease in bone material quality that approached statistical significance. Although postyield strain due to diabetes in ZDSD rats was reduced by an average of 14%, it was not significantly different from controls.
There is compelling evidence suggesting that the etiology of T2D in a large percentage of adults is linked to a high body mass index and the subsequent chronic dysregulation of fatty acid metabolism (30) . ZDSD and ZDF diabetic rats exhibited an unfavorable blood lipid profile compared with their nondiabetic counterparts. Interestingly, in contrast to humans, an inherent lack of the cholesterol ester transferase protein in rats results in anomalously high plasma HDL cholesterol levels. This phenomenon has been observed in other ZDF rat studies (6, 55) .
A continual overabundance of FFAs and triglycerides from excess energy intake and increased hyperlipolytic activity at expanded visceral fat depots eventually overwhelm the capacity of the body's regulatory hormone leptin to effectively confine the sequestration of triglycerides to adipocytes in humans (13, 19) . Leptin insensitivity and hyperleptinemia (5) occur most commonly in obese individuals, predisposing their organs to the infiltration of ectopic fat and resultant metabolic derangements. In the long term, body weight per se was not an indicator of obesity in ZDF fa/fa rats with advanced T2D. Despite a lower body weight, visceral fat accumulation persisted and hepatic steatosis may have contributed to the increased liver weights of the diabetic rats, as has been reported elsewhere (22, 31) . Circulating levels of leptin appeared to be influenced by body fat stores. This relationship was reflected in both rat strains; the epididymal fat depot was elevated in the ZDF fa/fa vs. ZDF fa/ϩ rats and leptin levels were correspondingly elevated in the diabetic phenotype, whereas the epididymal fat depot was diminished in the ZDSD diabetic rats compared with ZDSD controls and leptin levels were correspondingly severely depleted. Endogenous leptin receptor dysfunction resulting in a simulated state of leptin resistance in the ZDF fa/fa rats also contributed to the high leptin levels in this strain.
Although ectopic pancreatic lipid accumulation occurs in T2D, the increase in pancreatic weight in ZDSD diabetic rats vs. controls could also represent a compensatory mechanism described previously by Bonner-Weir (7), that is, a dynamic attempt to restore euglycemia by increasing ␤-cell mass in response to impaired ␤-cell function. Pancreatic weight was not different between the ZDF groups. Pick et al. (36) demonstrated that ZDF obese rats are afflicted with insulin secretory defects, the propensity for ␤-cell apoptosis to exceed ␤-cell renewal, and thus possess an inadequate capacity for sustained expansion of the pancreatic ␤-cell mass in the event of hyperglycemia. Eventual pancreatic islet exhaustion is known to lead to a progressively insulinopenic state in ZDSD diabetic rats (10), after which they deteriorate relatively quickly, with depletion of fat depots in the process. Insulin levels of the ZDSD diabetic rats were markedly diminished relative to ZDSD nondiabetic controls, resulting in extremely high blood glucose levels. The secretion of pancreatic insulin in ZDF fa/fa rats did exceed that of ZDF fa/ϩ rats by the end of the study (3.34 Ϯ 1.06 vs. 1.44 Ϯ 0.17 ng/ml). As previously observed by Etgen and Oldham (15), it appears that the higher level of insulin secretion in our ZDF diabetic rats remained insufficient to compensate for the prevailing insulin resistance that was central to the persistence of a severe hyperglycemic state in the fa/fa phenotype.
Conclusion. The metabolic dysregulation that developed in the ZDF and ZDSD rat strains resulted in the progression of a T2D-like condition that negatively impacted BMD, bone geometry, trabecular microarchitecture, and bone structural and tissue mechanical properties. These alterations significantly increased bone fragility at the femoral midshaft and L 4 vertebra during mechanical testing. The ZDF fa/fa rats represent a model of monogenic obesity characterized by a single congenital gene mutation that is rare in humans. The early age of onset of T2D in the ZDF fa/fa rats impaired bone growth, thereby introducing an inherent structural deficit that is irrelevant to adult-onset T2D. The metabolic dysregulation that causes T2D in ZDSD rats is polygenetic in origin, arising as a result of interactions between multiple genetic and environmental factors over time. The development and progression of T2D in the ZDSD diabetic rats better simulate the origin of adult-onset diabetes in Westernized societies, with high rates of T2D due to DIO. T2D likely affects bone via multiple mechanisms, and much work remains to elucidate the extent to which various factors contribute to the increase in bone fragility.
